In this essay, we call to attention what every medical researcher knows about the etiology of cardiovascular disease but most deny, or choose to ignore, when designing, carrying out, and reporting genetic studies. Medical research is entering an era of synthesis that will take advantage of the successes of reductionism over the past decade in defining and describing human genome variations. Meaningful insights into the role of such variation requires a biological model of genome-phenotype relationships that incorporates interactions between subsets of possible genetic and environmental agents as causations in particular contexts indexed by time and space. We make recommendations for what needs to be done to cope with these complexities. (Arterioscler Thromb Vasc Biol. 2003;23:1190-1196.) The triumph of the reductionism of the Greeks is a pyrrhic victory: We have succeeded in reducing all of ordinary physical behavior to a simple, correct Theory of Everything only to discover that it has revealed exactly nothing about many things of great importance.
Disease Susceptibility
All cases of CVD have a complex multifactorial etiology. Neither genetic nor environmental agents acting independently cause disease. Full knowledge about an individual's genetic makeup or exposures to adverse environments cannot predict with certainty the onset, progression, or severity of disease. Disease develops as a consequence of interactions between the "initial" conditions, coded in the genotype, and exposures to environmental agents indexed by time and space 19 -21 that are integrated by dynamic, regulatory networks at levels above the genome. 22 The interaction of an individual's environmental experiences with her/his genotype determines the history of her/his multidimensional phenotype, beginning at conception and continuing through adulthood. At a particular point in time, each genotype has a range of possible phenotypes determined by the range of possible environmental histories. To illustrate this relationship, by collapsing an individual's phenotype into a single dimension, two of the many possible phenotype histories for a genotype are given in Figure 1 . The phenotype of an individual in a particular environmental niche, at a particular point in time, is influenced by the phenotype produced by previous genotypeenvironment interactions and the potential of the genotypephenotype combination to react to contemporary environments. The potential to react is constantly changing throughout life from conception to death. 18, 23, 24 The consequence of these interactions with exposures to environmental agents indexed by time and space is that many individuals who have a genotype that predicts an increased risk of disease will remain healthy because of exposures to compensatory environments. The converse will also be true. Individuals who have a genotype that has a low risk of disease might develop disease because of an adverse environmental history. The important role of the individualized history of exposures to environmental agents makes the average reaction of a group of individuals with the same genotype to the wide range of potential environmental agents over a lifetime a poor predictor of the risk of disease for most individuals with that genotype. CVD research has revealed tens of high-risk environmental agents and hundreds of genes, each with many variations, that influence disease risk. As the number of interacting agents that are involved increases, a smaller number of cases of disease will have the same etiology and be associated with a particular multigene genotype.
The important role that biochemistry and physiology play in the connections between the genome and disease phenotypes brings into question the utility of the overused, simplistic view that the genome produces an independent, isolated, and fixed one-way flow of information from genome to phenotype. Figure 2 shows how a particular multigene genotype is connected to the domain of potential coronary artery phenotypes through the primary biochemical and physiological subsystems. The phenotypic measures of health are constantly being shaped, changed, and transposed as a consequence of epigenetic networks of cellular and organismal dimensions that evolve over the lifetime of the individual. At the level of the cell, these networks influence DNA methylation and repair; they also serve to organize coordinated responses to heat-shock, oxygen deprivation, and other environmental changes. 25 The relationships between subsystems influence the trajectory of an individual's phenotype across the potential reaction surface associated with a partic- 
Sing et al
Genes, Environment, and CVD ular genotype. The phenotype produced by these subsystems continuously feeds back information to influence the expression of the participating genes and the relationships between the intermediate agents that make up the connecting subsystems. Predicting multifactorial disease outcomes without consideration of epigenetic networks is increasingly seen as naive. 13,16 -18 Few genetic studies of the CVDs recognize the realities of the dynamic relationships between an individual's genotype, her/his history of exposures to environmental agents, such as smoking, a high-fat diet, or a statin drug, and the contemporary phenotype in predicting phenotypic outcomes for a future point in time and a particular environmental niche.
Population Genetics
It is relevant to recognize that disease prevalence is a consequence of the intersection of the genetic variation that represents a population with the possible histories of environmental exposures that each member of that population might have experienced. Each population is expected to have a different distribution of relative genotype frequencies and a different constellation of possible environmental histories. The distribution of the relative frequencies of genotypes involved in determining the distribution of individual susceptibilities to disease in a particular population is defined by the number of segregating susceptibility genes, the number of alleles of each gene and their relative frequencies, and the correlation between alleles of each gene and between alleles of different genes. There are hundreds of genes known to have functional allelic variations that might contribute to determining an individual's susceptibility to CVD. All functional variations in a particular gene are not expected to be present in all populations. 26 -30 Because new DNA variations arise in isolation and because chance, selection, and migration work as "filters" in each population to modify the relative frequencies of genetic variations in evolutionary time, different populations will have different combinations of DNA variations and hence, a different array of alleles and genotypes, for any particular susceptibility gene. This is a major fact that is most often ignored when developing strategies for understanding and predicting an individual's disease risk, as well as the development of therapies, by using knowledge about the phenotype(s) associated with a singlegene variation derived from studies of only a few populations. Different subsets of genes will be influencing phenotypic variation in different subgroups of the same population. Because multigene genotypes will have a multinomial distribution, different combinations of susceptibility genes will be involved in determining disease risk in different individuals in different families. Therefore, every individual who has, or will develop, disease, even if they are drawn from the same population, is not expected to have the same genotype for all of the susceptibility genes. It follows that because the incidence of disease is a consequence of interactions of a population-specific distribution of susceptibility genotypes with the population-specific combinations of exposures to environmental agents over time, the cardinal genetic question must be this: which variations, in which genes, and in which populations are useful for understanding disease and predict-ing which individuals will develop disease in which strata of environmental histories? Answering this question will establish the population-specific genetic architecture of disease and provide the basis for including genetic information into the practice of individualized medicine. Few genetic studies of common multifactorial diseases recognize the importance of this question.
Two Different Research Strategies for Studying Genetic Architecture
It is acknowledged by most researchers that information about genetic variation can be useful in the identification of presymptomatic individuals at increased risk of developing a common multifactorial disease and also in predicting progression and severity for those with disease. There is not universal accord, however, on the extent to which information about the complexity of the etiologies of a common multifactorial disease, such as CVD (illustrated in Figures 1 and 2 ), should be included in developing a strategy to use genetic information to diagnose and predict clinical end points in medicine and public health. The a priori importance assigned by researchers to the role that knowledge about the complexity of the etiologies of disease can play in developing genetic predictors is reflected by the research strategies that they employ. We next review two of these alternative strategies.
Disease Is a 'Simple' Consequence of Variations in Independent Causal Agents
The widely held belief that each case of disease is caused by a variation in a single agent follows from the medical successes that have been achieved for the infectious diseases. 31 The industrialization of medicine has encouraged a search for particular agents that "control" the health of individuals and populations. It is taken to be axiomatic that knowledge about the nature of each causal agent can provide the power to prevent, or alter the course of, disease. The success of this reductionist research paradigm 32 depends critically on three major simplifying assumptions: (1) it is possible to isolate each causal agent (genetic or environmental) without altering its role in producing the phenotype; ie, the role of an agent is not changed as a consequence of the process of measurement; (2) manipulation of an agent does not alter the behaviors of the other agents that influence the phenotype; and (3) the relationships between causal agents and outcomes are invariant; ie, they are static, not dynamic. The validity of these assumptions is particularly critical for genotype-phenotype association studies. If they are false, then applications of single-gene analyses, one gene at a time, to unravel the genetic architecture of CVD are suspect and likely to be misleading. An analysis of studies reported in the leading cardiovascular research publications documents that the reductionist paradigm is accepted by most CVD genetic researchers without question, and its application is the rule rather than the exception. Much is being reported on the nature of the bits and parts of the genetic etiology of CVD, but too little attention is being paid to researching their integration into a model that predicts the emergent phenotypes that are measures of health.
It is apparent to many, but voiced by few, that focusing on the single genes with large marginal (independent) effects on disease risk might not produce the promised medical successes. 3, 12, 15, 33, 34 As Morton 35 has emphasized, the genetic architecture of the continuously distributed phenotypes of health will not be revealed by the reductionist paradigm embraced by molecular biology. Currently, only a small fraction of the risk of CVD is attributable to the influences of variations in single genes with large phenotypic effects. 36, 37 Furthermore, if we do not accept and study the possibility that single genes, which have small, average genotypic effects in the population at large, can make a major contribution to understanding and predicting disease in particular individuals in particular strata of the population because of their interactions with other genes and environments, it will not be possible to adequately evaluate the utility of genetic information. As Morin 38 implores in a call for a paradigm shift, the very way we think about the problem prevents us from knowing. Cohen and Rice 39 call to attention the conundrum we all face: "The problem that afflicts all sciences is the fact that once you have defined the kind of answers that you expect to get, it is very difficult to know what you are missing." Also, Popper, a prominent 20th-century philosopher of science, pointed out that the ability to formulate new questions is fundamental to initiating a paradigm shift. 40 This is clearly an issue faced by geneticists in their search for an understanding of the distribution of the common multifactorial diseases, such as CVD, among individuals, families, and populations in the postgenomic era. A plan for executing the prevailing research paradigm to identify independent, causal, genetic variations is laid out by Botstein and Risch. 41 Morowitz 42 presents chemical and biologic arguments that make clear the necessity for an alternative research paradigm for studying the genetics of human disease.
Disease Is a Consequence of the 'Complex' Organization of Interacting Agents
This view of the genetic analysis problem takes into account the networks of intermediate biochemical and physiological subsystems that connect genome variation with phenotypic variation illustrated in Figures 1 and 2 . It embraces four fundamental aspects of disease etiology. First, the same network of interacting, quantitatively varying, intermediate biochemical and physiological agents that influences the so-called normal range of interindividual variability among the healthy also influences the development of disease. Individuals with disease are just in a different part of the multidimensional genotype-environment-intermediate biochemical and physiological state space, defined by variation and covariation of the agents, than are individuals who are healthy. Inferences about the role of molecular variation from studies that focus primarily on individuals who have CVD cannot provide unbiased information for prediction of disease risk among individuals in the population at large. The sampling issue is not widely appreciated among laboratorybased researchers. The probability of observing a particular genotype in a sample ascertained because they have a particular disease phenotype cannot be equal to the probability of encountering the disease phenotype in individuals with a particular genotype. For instance, the cumulative risk of CVD death by age 65 years is 0.7 for individuals with familial hypercholesterolemia, a well-known lipid disorder associated with a defect in the LDL receptor gene. 43 However, only a small fraction of those with CVD have this gene defect. 36 It follows that genetic predictors that provide valuable information about selected patient groups seen in hospitals will be much less valuable in general practice, in which patients are drawn from the population at large.
Second, the biologic relationships between the network of interacting agents and cardiovascular health are nonlinear. 44, 45 Disease is a consequence of an individual's homeodynamic mechanisms that do not compensate for disturbances in levels of, and the relationships among, the agents involved in causation. 16, 46 Changes in the level of one agent might influence disease risk by altering the relationship(s) among other agents. In most cases, the size of the marginal (independent) effect of a variation in an agent is inversely related to the dependence of its effect on the context defined by other interacting agents. 15 Geneticists, in particular, must be aware that the context in which a molecular process takes place deserves as much study as the biochemical content of the process. 24, 39, 47 We should be asking how do genetically influenced changes in relationships between agents influence risk of disease? The current disconnect between our knowledge about genomic variation and coordinated variation in intermediate traits that influence disease risk presents the challenge of reformulation of the questions being asked and new analytical skills yet to be developed that are necessary to address them.
Third, the genetic architecture of cardiovascular health is expected to be population-specific. Few populations will have the same relative frequency distributions of genetic variations. 26 -30,46,48 Differences among populations in the relative frequency of a susceptibility genotype or an environmental exposure will contribute to differences in the utility of a susceptibility genotype for prediction of disease within a particular population. Even for those rare instances when the relative genotype frequencies are the same across populations, the contribution of genetic variation to prediction will still be different, because its influence on variation in disease susceptibility depends on a particular combination of environmental exposures whose relative frequencies vary among populations.
Last, studies of genetic architecture can be guided by an understanding of the complexity of the etiologies of cardiovascular health. Studies to document the complexity of etiology and the influences of context defined by gender, age, and other measures of environmental effects should be a priority. 49 -51 We concur with Anderson 52 that we must turn to nature to inform us about the type of model that should be used to describe nature. Even though it might never be possible to know everything about etiologies, [52] [53] [54] [55] the study of genetic architecture can be guided by our current knowledge, albeit incomplete. Recognition of the complexity of the organization of interacting agents can foster synergy between efforts to predict disease and efforts to understand the etiology of disease. For example, a particular gene might be a candidate for prediction because its product is involved in
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Genes, Environment, and CVD the metabolism of intermediate biochemical and/or physiological agents that define disease. Also, etiologic relationships between agents involved in causation might suggest genetic studies of trait relationships and their role in prediction of disease. A research strategy to extract the full utility of genetic information that recognizes these considerations must begin by documenting the nature and extent of the complexities rather than seeking universal invariant, contextindependent effects of single genes or genotypes. So, what steps should be taken to cope with these complexities? It seems imperative that geneticists consider the following.
Admit That Etiology Is Complex
We should ask questions and carry out research that reflect the reality of the problem. Pretending that the etiology of a common human disease like CVD is caused by the independent actions of multiple agents is deterring progress. Accepting the complexity of etiology provides a framework for organizing an immense amount of observations. 56 The result will bring clarity to the formulation of appropriate questions and selection of research methods.
Test Commonly Held Assumptions
The goal of CVD research must be to formulate a mathematical/statistical/computer model that summarizes the complexity of the etiology in manageable dimensions. What one is willing to assume guides the process and determines the validity of the applications of the model. The first step toward building such a model must be to test the validity of the assumptions that are being made in its formulation.
Ask Relevant Questions
Distinguishing between interesting questions and important questions is a function of social, economic, and cultural preoccupations of the community at large. The definition of an important question will suggest the appropriate model, measures, sampling design, and analytic tools necessary to interpret the data collected. A model counts as an explanation only if it meets the needs of an individual (in clinical medicine) or a community (in public health programs). Physicians and public health workers will ultimately decide whether a model has explanatory power or provides understanding.
Refocus on Measurement of the Environment
In the pregenome era, environmental factors were considered to be the major predictors of diseases. In the postgenomic era, genetic factors have supplanted rather than complemented the environmental approach. We must return to placing equal emphasis on the role of environment and the interactions with the new-found genetic factors. This will require new technologies to measure the environments, both internal and external to the individual, with the same precision as measurements of DNA.
Develop Nontraditional Analytic Methods
We need to explore new mathematical and statistical methods that consider the biological and genetic facts that have accumulated over the past 100 years and incorporate them into the analysis of the exponentially growing databases generated by contemporary molecular technologies. Tradi-tional statistical approaches to modeling biologic data are inadequate and inappropriate for addressing questions of genotype-intermediate trait-disease phenotype relationships when hundreds to thousands of measurements are considered simultaneously. New methods for information handling, model pruning, and biological interpretation of research results are required. Identification of the context in which a genetic model is useful should be a high priority. Meta-analyses will be of less value in sorting out the genetic architecture. A meaningful strategy will integrate bottom-up, topdown, and hierarchical approaches to identify the subset of key variables for predicting and understanding geneenvironment-disease end-point relationships.
Replicate to Sort Out Invariant and Context-Dependent Genetic Effects From Type I Errors
We expect that the effects of few genes will be invariant across populations and environmental strata; most will be context-dependent. A fraction of the context-dependent gene effects will be invariant across time within a particular stratum defined by age, gender, smoking habit, or other measures of exposures to environmental factors, both internal and external to the individual, which could help to distinguish them from Type I statistical errors (false-positives). A major research challenge will be to design and execute appropriate studies to distinguish between context-dependent effects and Type I errors. Inferences about genetic effects will be dependent on the coarseness of the graining of the interacting genetic and environmental agents that are involved in the etiology of the phenotype of interest. 57
Train Scientists for a Biocomplex Future
Connecting data with questions involves analytical skills that are in short supply. We have a plethora of data collectors and a dearth of qualified data analyzers. Turning the analytical step over to physicists, statisticians, and computer scientists who do not have basic training in biological research is likely to increase, rather than decrease, the disconnect between question and inferences in biology and medicine. The success of mining strategies being developed for very large data sets critically depends on the formulation of appropriate a priori hypotheses that follow from an understanding of the relevant questions.
Place Value on a Synthetic Mind Set in Promoting Young Scientists
The organization of the contemporary academic community is driven by the desire to deliver products and services according to management strategies adopted from industry. The genetic research community currently places highest value on finding and describing the bits and pieces of human health in promoting and rewarding research projects and individual scientists. Singularity of purpose, and a reductionist approach that has no interest in complexity, discourages imaginative solutions. We are in need of an academic environment that puts greater value on research projects and scientists committed to studying how the parts are put together. Such an environment should encourage a synthetic mind set among scientists espousing different disciplinary assumptions, foster communication that widens the context of scientific research, and place a premium on collaboration in promoting and rewarding young investigators.
Summary
The Human Genome Project has revealed thousands of genes and millions of gene variations that might influence human health. We are now faced with reconciling a highdimensional causal-state space of molecular networks that connect DNA variation and the well-established role of exposures to high-risk environmental agents with the emergent, discrete, clinical outcomes that are relevant to medicine and public health. We are entering an era of synthesis that will take advantage of the successes of reductionism in defining participating agents. Meaningful insights will depend on a fundamental change in how we use this information to model, measure, and analyze genotype-phenotype relationships. The fact that epigenetic feedback mechanisms and interactions of many agents from the genome through intermediate biochemical and physiological subsystems with exposures to environmental agents contribute to the emergence of an individual's clinical phenotype suggests that we will find heterogeneity in causation and predictability of agents among subsets of prevalent cases of disease. Embracing a more realistic biological model that incorporates the complexity of the interactions between agents as causations in a particular context indexed by time and space will be necessary to answer the three cardinal genetic questions about disease 14 : (1) where are the susceptibility genes located? (2) what are the functional DNA sequence variations in these genes? and (3) what are the statistical (for prediction) and biologic (for etiology) relationships between genotype variation and variation in onset, progression, and severity in which subsets of individuals? An unwillingness to adopt a realistic biological model for health when designing and analyzing studies of disease might be the greatest deterrent to answering these questions that are most relevant to the practice of medicine without prejudice.
